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ABSTRACT 


An experimental study was conducted to investigate 
the effects on water flood recovery caused by adding 
sodium hydroxide to a portion of the injected fluids. The 
investigation was conducted using actual reservoir fluids 
from the Lloydminster area in an unconsolidated porous 
medium. 

Measurement of the sand and fluid properties 
indicated that sodium hydroxide caused a aerator els 
the oil-water interfacial tension and a shift in the 
system wettability from oil wet to neutral or water wet. 

The addition of sodium hydroxide in concentrations 
greater than 0.1 percent by weight to all of the injected 
fluid (brine) resulted in recoveries of approximately 45 
percent of the initial oil-in-place at a water-oil ratio 
of 10. Flooding with pure water resulted in recoveries 
of approximately 22.5 percent. 

Results of the displacement tests using various 
size slugs of 0.1 percent sodium hydroxide indicated 
that slugs of approximately 0.4 pore volumes were required 
to obtain recoveries equivalent to adding sodium hydroxide 
to alleck the injected fluid. 

Monitoring of the pH of the effluent from the 


sand packs indicated that the sodium hydroxide slugs 
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were diluted by fingering of the untreated brine at the 


trailing edge. Higher concentrations of sodium hydrox- 


ide compensated for the dilution and fingering, increas- 


ing the recoveries for smaller slug sizes. 
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INTRODUCTION 


Significant reserves of heavy crude oils are loc- 
ated in Western Canada. Using conventional methods of 
recovery, these reserves can only be partially recovered. 
Westfall?” States that approximately 5 7to 6 percent CL 
the oil is recoverable by primary methods and 10 to 12 
percent is recoverable by Water slOOd. = Nien ulic increas — 
ing world demand for oil an efficient economical method 
is required for the recovery of heavy crude oils. 

Several previous studies have been conducted at 
the University of Alberta on methods of improving re- 
coveries from viscous crude systems. Collins? invest- 
igated the influence of viscosity ratio on the recovery 
efficiency of viscous crude oil in long unconsolidated 
sand packs using a native brine. 

proteus” Stuarec the cutee ley or adding.datt— 
ferent acids and bases to the water when flooding crude 
Oil reservoirs. He found that a low concentration of 
sodium hydroxide would reduce water-oil interfacial 
tension, cause an oil-wet sand to become more water-wet 
and significantly increase oil recovery. 

aes investigated the effect of carbonated 


brine on the recovery of viscous crude oil. He obtained 


significant increases in recovery, which he attributed 
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to, the reduction of crude oil viscosity and oil-water 
interfacial tension. 

Scott’ studied the effects of different chem- 
icals on water flood recovery of viscous crude oil. He 
found that recovery could be significantly increased 
by the injection of a 0.1 percent by weight or greater 
concentration of sodium hydroxide in brine. He indicated 
that the sodium hydroxide requirements are greatly re- 
duced if sodium chloride was added to the injection fluid. 

Themaddition of chemicals to only “a™portion of 
the injected fluid has been investigated by several 


ke ge They found that a small slug of a chem- 


authors 
ical solution, if properly designed, can achieve similar 
recoveries to water floods which have the chemical 
added to the entire injected fluid. 

The purpose of this study was to investigate 
the effect on viscous crude oil recovery of adding sodium 
hydroxide to only a portion of the displacing water. 
Reservoir conditions typical of the Lloydminster Sparky 


heavy crude oil reservoirs were duplicated where pos- 


sible. 
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LITERATURE REVIEW 


Chemical Water Flooding 


Farly investigations of the use of chemical 
additives to improve water flood recovery were done by 


SHE ues Sia 


: SG 
Nutting in 1923, Uren and Fahmy 
Beckstrom and Van Tuyl* Deo 2 y/e. 
Nutting suggested that there was an attraction 


between the salica particles (Si0.) “and. the hydrogen 


2 
ions in the water which would lead to the formation of 
evleyer Of siloxy] radicals (Si00H) on, the rock usuriace, 
The acidic siloxyl was thought to react with the basic 
constituents of the oil to form a stable oil layer on 
the rock surface. He theorized that if a strong base 
was added to the displacing water it would replace the 
weaker base (oil) siloxyl radical on the rock's surface 
and improve the recovery. 

Beckstrom and Van tay1* performed displacement 
tests on sand cores and concluded that only strong 
bases and weak acids were effective as water flooding 
additives. Uren and Fahmy “© confirmed this conclusion 
and attributed the increase in recovery to a reduction 
in interfacial tension between the oil and water. They 


suggested that there was also a reduction in interfac- 


ial tension between the water and rock due to a reaction 
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at the rock surface. 

Bartell’ and Miller? bound: that "the "addition oF 
inorganic chemical additives produced equivalent recov- 
eries in a water-oil system and a water-benzene system 
although the interfacial tensions of the two systems 
were quite different. They concluded that recoveries 
were increased by altering the rock-water interface and 
that the altering of the oil-water interface did not have 
aesignifieant erfect. 

Terwilliger and vustere: were the first to 
differentiate between surface active and surface inactive 
agents. Surface active agents or surfactants are usually 
polar-nonpolar molecules which concentrate at interfaces 
and lower the interfacial tension. Surface inactive 
additives such as sodium hydroxide, sodium carbonate, 
and sodium sulfite do not lower the interfacial tension 
as much as surface active additives. The surface in- 
active additives advantage is that they are not adsorbed 
to the same extent as surface active compounds since 
they do not concentrate at the interfaces. Terwilliger 
and mieten found that a 0.1 percent by weight sodium 
hydroxide solution could reduce residual oil saturation 
in cores that were previously water flooded from 52 
Dercene to 355 percent. 


Calhoun et Pah conducted a series of tests on 
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Bradford sand cores using sodium hydroxide as an addi- 
tive in the displacing water. In all cases, the resid- 
ual oil saturations after flooding with water containing 
sodium hydroxide (0.5 percent by weight) were lower than 
those obtained for equivalent floods using water. The 
increase in recovery was attributed to a decrease of 
interfacial tensions and a change in wettability. The 
decrease of interfacial tensions was said to be caused 
by the formation of surface active groups as a result of 
the reaction of sodium hydroxide with the polar compounds 
in the crude oil. It was noted that the use of chemicals 
Such as sodium hydroxide which are not surface active 
additives, can lower interfacial tensions without great 
losses due to adsorption observed when using surface 
active agents. 

Reisberg and Doscher”? conducted tests on Ventura 
erude 011, to find the effect of pH on: the o11 water 
interface. They found that weak sodium hydroxide solu- 
tions would displace the oil from the surface of a glass 
Slide, whereas a weak solution of hydrochloric acid, 
having the same interfacial tension to oil, would dis- 
places little: of the oli. eThisiwassattributed to the 
Dresencenoretigia ci imsuat cle Oll-watern ingertace 
which are stable in the presence of an acidic aqueous 
phase, but broke down in the presence of an alkaline 


aqueous phase. 
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The rigid film was isolated and found to be a 
highly oxygenated, low molecular weight constituent of 
the resins and asphaltenes. This was in agreement with 


earlier investigationst2’1/:18 


which suggested that 
porphyrins with heavy metal molecules attached were the 
Matnecause of the rvigidviiims in asphalticecrude oils. 
Reisberg and Doscher >” eonciluded = that the reduction of 
interfacial tension and changes in wettability were 
duemeo a component of the oil which was initially 
positively adsorbed at the oil-water-solid interface. 
The component, when dissolved in the aqueous phase by 
interaction with the basic sodium hydroxide, changes the 
Surface forces of the aqueous phase. 

The increase in recovery due to the alkaline 
solution occurred after the breakthrough of the front. 
This was attributed to adsorption and reaction at the 
sand surface reducing the concentration of the sodium 
hydroxide at the flood front as it moved through the 
reservoir. They suggested that the increase in recovery 
Wasenotwdue just to mhe*rediction of the oil-wacer.ins 
terfacial tension but also to a change in the oil-solid 
and water-solid interfacial tension. 

Dunning and Sonaneen found that the displace- 


ment efficiency of inorganic solutions such as those 


containing sodium hydroxide (builders) are dependent 


° - 7 
1! EE 7 . ; oy ; 
a. y 


- a 


Kupto2s banda bas Redeioes wer ea tele ort ™ pF 


- 
4lersin: ? 
‘4 ‘~*~ 2 swe tle BW - uf .23f> ignaes 7) =~? 
C af 
oT. [,oL_ — 
4ha2 seepnes 4 ano he mr 
a _— = oe _ a 
= ’ c 
‘ - ‘ 2 p! er x = 
ps 4 bil ras) 
Q 
of Ga & 
ye 4 
? 
- 
= - 1 , 
oe as 
= w= 
= a =] < ‘ 
= > - & - = —_ —~ - 
~ Dees F< t es Keote Grits ASSe 
_ a “7 \4 : 
Be 2 2 4 rz rc ¢ 


add apwoids Fever reots ‘Bool? alls 26 sbincabial 
. fn 
v2 SC he : s i Yat . = = s 5 M4 oe e le: . bd bs 4 ' . = ‘4 ievte 1st 


i), Yeo 6 sig 3 a? 363 at 
Siigers Lo id’ as. et . ' 20 
AL honieeyr<c bites 
7 
“Spb it elt asim Goud cenodoy (San) wnee 
: : — 


SEOr> =e RING ae Tivcer stnngecat Bory 


mee ome pnbad 


irabel east até — “ied #),. atv b-er 
_ uy 


a ba @ i 


ld 


upon the pH of the solutions. They attributed the 
reduction in interfacial tension to a chemical reaction 
on the sand surface that caused an irreversible adsorp- 
tion of the sodium hydroxide. Dunning and Johanson? ® 
compared displacement efficiencies of inorganic addi- 
tives with other additives and found them surpassed only 
by expensive nonionic surfactants. 

Scott? conducted displacement tests using 
dilute sodium hydroxide solutions to displace viscous 
crude (Lloydminster) in unconsolidated packs of Sparky 
sand. Flooding with sodium hydroxide changed the sand 
SLOMmea Neutral or partially wee Statemcoud water: — 
wet state and drastically lowered the interfacial ten- 
Sions. Sodium hydroxide concentrations of-.0.005 percent 
and 0.001 percent by weight produced recoveries of 50.8 
and 56.2 percent of the initial oil in place respectively, 
compared to 39.9 percent recovered by injecting brine. 
Scott noted that there was a delay between the time 
the front passes through the reservoir and the increase 
in recovery. He suggested that this was due to dilution 
and fingering preventing the sodium hydroxide from fully 
contacting the rock surfaces. 

Seats investigated the use of chemical 
additives to improve the water flood recovery of vis- 


cous crudes. He ran tests on Lloydminster crude in 
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short core packs of unconsolidated Sparky sand. Sodium 
hydroxide in brine solution of 0.1 percent by weight was 
found to result in the most efficient recoveries. A 
larger concentration did little to increase recovery 
whereas a lower concentration resulted in a decreased 
recovery. The presence of sodium chloride helped re- 
duce the amount of sodium hydroxide required. 

Scott + suggests that the displacement took 
place by an emulsion slug mechanism. Dilution and 
reaction at the leading edge of the injected chemical 
front lead to the formation of an emulsion which would 
reduce the conductivity of the flow path. The reduced 
conductivity in the flow path would force the water to 
flow through the next path of least resistance. The 
emulsified water would flow only when all the paths of 
least resistance were blocked. The emulsion would move 
as a front and because of its low mobility (and thus 
a more favorable mobility ratio) would more efficiently 
displace the oil. 

Cooper 14 ran sodium hydroxide displacement 
tests on Lloydminster crude oil in Berea sandstone 
cores. He found that the recovery using a 0.2 percent 
by weight sodium hydroxide solution increased with 
temperature to a much greater degree than equivalent 


floods using distilled water. This was attributed to 
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the interfacial tension reduction caused by the sodium 
hydroxide being sensitive to temperature. Cooper correl- 
ated interfacial tension with sodium hydroxide concentra- 
tion and found that it reached a minimum between 0.1 and 
0.3 percent sodium hydroxide by weight. Monitoring of the 
effluent pH indicated that 0.1 pore volume of water was 
produced before the pH increased to that of the injected 
water. This delayed increase in pH suggests that sodium 
hydroxide was adsorbed in the system. 

Ehrlich et aie 2 investigated the use of sodium 
hydroxide in light oil reservoirs to change both wettabil- 
ity and interfacial tension in order to increase oil re- 
covery. They concluded that increased recovery was due 
to a wettability alteration. Also, they concluded that 
if the interfacial tension was lowered enough it would 
also increase recovery. They found that in a wettability 
alteration water flood recovery was not rate dependent 
but was significantly affected by how early in the water 
flood sodium hydroxide was injected. Initiating sodium 
hydroxide injection early in the life of the water flood 
greatly increased recoveries. When interfacial tension 
alteration was the primary mechanism, recovery was highly 
rate dependent but did not depend on the state of depletion 
of the reservoir when the sodium hydroxide was injected. 


They stated that to predict the effect of sodium hydroxide 
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on water flood recovery, the interfacial tension and 
compatability of the sodium hydroxide to the formation 
should be tested. Laboratory water floods of reservoir 


cores were also recommended. 


Jennings et son" conducted an investigation of 
the use of sodium hydroxide to improve water flood re- 
covery of viscous crudes in water-wet porous media. 

They stated that the addition of sodium hydroxide to the 
flood water reduced the interfacial tension between the 
oil and water (sodium hydroxide reacted with the car- 
boxylic acid in the oil to reduce interfacial tension). 
If the tension was lowered below 0.1 dyne/cm increased 
recoveries were obtained. Jennings et coke also stated 
that the addition of sodium hydroxide to the water 

flood reduced the quantity of sodium hydroxide required 
but due to the larger amounts of sodium chloride re- 
quired it was concluded to be uneconomical. 

Jennings et Bae eN suggested that lowering the 
interfacial tension resulted in the formation of an 
emulsion that due to its lowered mobility could sweep 
the reservoir more efficiently than a conventional 
water flood. They based this theory on the fact that when 
Oil-in-water emulsions induced by sodium hydroxide were 
injected into the reservoir recovery was increased sig- 
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Jennings et Pale oe found that a 15 percent pore 
volume slug of 0.5 percent by weight sodium hydroxide 
obtained similar recoveries to the continuous injection 
of 0.5 percent by weight sodium hydroxide. 

A field test*° using sodium hydroxide in a 
watered out portion of the Muddy J sand of the West 
Harrisburg Nebraska Grad peodiced a significant amount 
of oil. The reservoir was oil-wet vrior to the test and 
was changed to preferentially water-wet by the sodium 
hydroxide. 

A field trial of the caustic flooding process 
was conducted on the viscous crude Whittier Field in 
Whittier, California. More oil was produced than would 
have been produced from a continuous water flood. 


Caustic also appeared to improve the injectivity of the 


injection wells. 


Slug Flooding 


Early investigators of chemical water flooding 
assumed that it was necessary to add the chemical addi- 
tive to all of the water injected. In 1952 Preston and 
Calhoun?’ Suggested that only a part of the injected 


water be treated. It was suggested that an injected 


slug of surfactant solution would form a narrow band 
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which could be pushed through the reservoir by untreated 
water. As the band of surfactant or chemically treated 
water passed through the reservoir it would release the 
Oil from the rock and drive the oil ahead of it. They 
stated that movement of the surfactant slug through the 
reservoir could be described by the application of the 
theory of chromatography, although they presented no 
experimental evidence to support this mechanism. 

Chromatography is a technique used to separate 
components in a mixture by utilizing the selective 
adsorption phenomenon of a porous medium. When a sol- 
ution of concentration ors flows through a porous medium, 
the solute is adsorbed and the solvent moves ahead at 
a higher velocity. The solute remains in the solution 
only where porous surfaces are saturated with solute. 
This causes an adsorption zone which progresses through 
the porous medium at a slower velocity than the solvent. 
When pure solvent is injected behind the slug a trail- 
ing mixing zone develops, separating the pure solvent 
from the slug: 

The shape of the advancing concentration pro- 
file is determined by the kinetics of adsorption. If 
the adsorption equilibrium occurs at a finite rate, 
both leading and trailing edges are diffuse. The size 


of the slug zone increases and the concentration 
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decreases as it progresses through the reservoir (see 
Figure 1-1). 

If the adsorption equilibrium is instantaneous, 
the concentration profile depends upon the shape of the 
adsorption isotherm as illustrated in Figure 1-2. The 
adsorption isotherm is the equilibrium relationship be- 
tween the amount of solute adsorbed and the amount in 
the solution. One procedure to obtain the adsorption 
isotherm, described by Preston and Cateeuncle is to 
establish a known concentration in a solution and the 
difference in concentration of the solute before and 
after it contacted the porous media would be the amount 
adsorbed by the porous media. If this procedure is fol- 
lowed several times with different concentrations of 
solute an adsorption curve can be constructed. 

Preston and BDI ROTR Peee anes Devault's! 
basic equations of chromatography to obtain equations 
1-1, 1-2 and 1-3, which describe the position of the 
leading edge of the slug, position of the trailing edge 


of the slug and the minimum effective slug size. 
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a. PART OF INITIAL SOLUTION 
INJECTED 


b. ALL OF INITIAL SOLUTION 
INJECTED 


c. SOLUTION INJECTION 
FOLLOWED BY SOLVENT 


INCREASING QUANTITY 
OF SOLVENT INJECTED 


pe rer Sy ee 


DISTANCE 


FIGURE 1-1 SCHEMATIC REPRESENTATION OF THE MOVEMENT OF AN 
NON-INSTANTANEOUS EQUILIBRIUM ADSORPTION ZONE 
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Where: 


Te 


V 
== ay 1-2 
l ey £' (Cc) 
+ a le) 
£(C,) 
Xo, AQP ome EEC) ee) 


distance from injection source to the 
leading edge of the solution zone, cm, 
distance to trailing edge of slug from 
injection source, cm, 

COraieleng thy or -adsorbane. covumm, «em, 
volume of fluids injected (Vy = ve + 
vyoLume "or “displacing fluid), cc, 
volume of solvent injected, cc, 
minimum effective slug size, cc, 

cross sectional area, cm“, 

POrOSsity, fraction, 

density of adsorbant, gm/cc, 

function notation for general adsorp- 
tion isotherm, 

first derivitive of the general ad- 


sorption isotherm, 
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Johnson>° Stated that two assumptions were implicit 
ing Chemsuggestion that.a slug could perform as well as 
COnTINUCUSManjection. | Firat, the time required for the 
surface active agent to release the oil from any point in 
ther reservoiriwas less than the time it took poe es epee 
factant bank to pass that point. Second, the released 
oil must travel faster than the surfactant bank. Johnson?° 
stated that the second assumption is probably valid. 
Partially adsorbed surfactant moves much slower than the 
water eluting it. Thus, the oil would be banked ahead of 
the water with the solute removed, which in turn moves 
ahead of the surfactant slug. 


Johnson” extended Devault's** basic equation to 


obtain an equation for minimum effective slug size 
<= = 1-4 
Vinin Ee We eS 
He evaluated the adsorption isotherm by the expression 


£(C)) = (N-1)C, ies 


Where: N = number of pore volumes injected until the 


surfactant breaks through. 


aoueeon o concluded that the best results were 
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obtained when the surfactant was injected early in the 
life of the reservoir. 


43,44 


Taber pointed out that the chromatographic 


theory used by Preston and Calhoun?’ assumed that a 
portion of the slug was full strength until breakthrough. 
This requires the injection of large quantities of sur- 
factant to account for adsorption and dilution losses. 


Taber 344 


ran displacement tests at various 
concentrations which seemed to confirm his theory. He 
also found that adsorption losses increased with con- 
centrations less than 1000 ppm when using Triton X-100 
On Berea sandstone. At concentrations of Triton X-100 
greater than 1000 ppm adsorption was insensitive to 
concentration. 

Since slug concentration is directly proportional 
to the rate of movement of the slug through the reservoir, 
aber  postulatea that a small, high concentration slug 
would achieve the same results as a large, low concen- 
tration slug. This would lead to a rapidly moving slug 
near the injection well that would move more slowly as 
its concentration decreased. The rapid movement of 
the slug through the reservoir results in less dispersion, 
reducing the amount of water required to push the slug 
34 


through the reservoir. Moore and Blum stated that a 


high concentration slug is more effective because ale 
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causes a sharp reduction of interfacial tension which 
is more etfective in displacing the o11 than a gradual 
reduction of the interfacial tension typical of dilute 


solutions. 


, 
= 


he 


es tig 
a | ms 

: 7 7 vas a _ 

toitw poberss Létostitesni to nvisbube> « conte as 


isubeip © mend Lio ana wineiqets cs oviseatts 7 
‘ - 


a2) 


etuhtS Fo (stiaggy nolene: lelios tiaras. 2 20 oaks a 7 


et 
; eooltutea 
7 . 
_ 


_ 


THEORY 


interiactal Tension, Adhesion; Wettability, and 


Adsorption 


Surface activity in a reservoir is dependent 
upon the interfacial tension between fluids, and ad- 
hesion between the rock and the fluids. Interfacial 
tension and adhesion are force summations of the inter- 
action of the molecules of two different materials 
across their interface. 

The universal attraction between all molecules 
is fundamental to all aspects of surface activity. 
Garrett~? states that all forces between molecules 
are electrostatic consisting of van der Waal's force 
Gfvattraction and the Coulombic energy Gf attraction 
between ions. An interface is formed between the 
water and oil because the force of attraction between 
the water molecules is stronger than the oil-water 
molecular attraction. This is; due to the water mole= 
cules being polar and similar in size, whereas the 
oil molecules vary in size and are generally non-polar. 
OS pod cee an) ont molecule becomes immersed among water 
molecules, it will be expelled since it blocks the 


attraction between the water molecules. 
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Miscibility of some hydrocarbon compounds in 
water is caused by their structural polarity. Some 
hydrocarbon compounds have attractive forces similar to 
those of water allowing contact between the individual 
water and oil molecules. The imbalance between the 
attractive forces of the water and oil molecules leads 
to an imbalance of forces at the interface. This is 
corrected by the contraction of one fluid and the 
expansion of the other until the forces are balanced. 
Usually the fluid with the stronger intermolecular 
attraction will contract, and reduce the area of the in- 
terface. The surface energy in each fluid required to 
form the interface is called the interfacial tension. 
Antanouv's rule (Equation 2-1) states that interfacial 
tension is equal to the differences between the surface 
tensions of the fluids. (Surface tension is equivalent 


to the fluid—-air interfacial tension). 
Ie = T - [T 2-1 


where: iy = interfacial tension between oil and 
water, dyne/cm, 

= surface tension between air and water, 
dyne/cm, and 

ie = surface tension between air and oil, 


dyne/cm. 
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Since the interaction between the two liquid phases 


takes place on the surface of the rock, the forces 


between the fluids and the rock (adhesion) must also 


be considered. 


Dupre's equation describes the interaction 


between the fluid and the solid terms of their inter- 


facial tensions. 


where: W 


sa la sl 


the work of adhesion, erg/cm’, 
interfacial tension between solid 
and air, dyne/cm, 

interfacial tension between liquid 
and air, dyne/cm, and 

interfacial tension between solid 


and liquid, dyne/cm. 


Young developed a more practical equation which des- 


cribes the work 


of adhesion in terms of liquid-air in- 


terfacial tension and the contact angle. 


Wa 


where: W 


T(i + cos 8) 2-3 
the work of adhesion, erg/om“, 
contact angle, and 


surface tension of.the liquid, 
dyne/cm. 
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The contact angle is the angle of intersection between 
the two fluids at the rock surface, measured through 
the denser phase. (See Figure 2-1). Thus, by measur- 
ing the surface tension of the fluids and the contact 
angle, a value for the work of adhesion can be obtained. 
By combining the interfacial forces between the oil 

and the water with the oil-rock and water-rock work of 
adhesion, an equilibrium or summation of the forces at 
the interface is obtained. 

Generally, wetting is defined as the phenomenum 
that occurs when a solid and a liquid phase come in 
contact in such a manner as to form a solid-liquid in- 
terface. In reservoir engineering, "wetting" or "pref- 
erential wetting" is used to describe the property of 
the rock that allows the wetting fluid to spread over 
the rock surface in the presence of another fluid. 
Reservoir rocks are considered either oil-wet, water-wet 
or intermediately wet. 

Wettability is dependent upon the surface forces, 
the adhesion and the interfacial tensions. For water 


to displace oil from the surface of the rock Adam* shows 


Nee = Uae must be greater than ae = ee whereas for 
Oil to displace water, ne = non must be greater than nee - 
ase An ideal wetting fluid would be characterized by a 


small contact angle, have high adhesion to rock, and a low 
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FIGURE 2-1 SCHEMATIC REPRESENTATION OF A CONTACT ANGLE FOR 
A ROCK, WATER, OIL SYSTEM 
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witerfactal®tension with» the™other fluid. 

A surfactant is a surface active chemical which 
concentrates at an interface and upsets the equilibrium 
of the interfacial forces. The surfactant molecule 
is highly symmetrical, one portion being polar and the 
Other, non-polar. In an oil-water system, the polar 
section is attracted by the polar water molecules, 
while the non-polar section is attracted by the non- 
polar oil. Thus, the surfactant molecule migrates to 
the oil-water interface (Gibb'’s rule of solution concen- 
tration at an interface) and positions itself so that 
its polar section is in the water, while the non-polar 
section is in the oil. This surfactant film lowers the 
amount of energy required to maintain the interface, 
thereby reducing interfacial tension. 

The removal of oil from the surface by the use 
of a surfactant occurs in one or both of two mechanisms: 

ie =Solubsia zation 

2 =SUL Lace” Rol i—up 
Solubilization is the process by which the oil molecules 
are surrounded by the surfactant, forming micelles in 
the aqueous phase. A micelle is a structure formed by 
an oil molecule surrounded by surfactant molecules in 
such a way that the non-polar portion of the surfactant 


is towards the oil and the polar portion is towards the 
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water. This allows the oil molecule to be removed into 
the aqueous phase. 

Surface roll-up is a mechanism where the surfact- 
ant is adsorbed by the solid surface and forms a monolayer 
upon it. This reduces the surface tension of the 
aqueous phase, and the amount of water required to 
adhere to the surface. To balance this reduction in 
surface forces, the contact angle must also become less. 
If the surface tension and work of adhesion of the 
aqueous phase is lowered enough, the aqueous phase will 
displace the oil from the surface. 

In general, adsorption is the physical and chem- 
ical process by which one phase interacts on a molecular 
scale with another phase, to reduce the energy of their 
interface. In this study, only the highly specific 
adsorption between a solid or liquid and a solution 
will be discussed. Irreversible adsorption occurs 
when a component of one phase reacts with a component 
of the other phase to form a reaction product at the 
interface. 

Reversible adsorption occurs when surface energy 
at an interface is lowered by the attraction of a high 
concentration of solute molecules to the surface of 
the solution. egee showed that an increase in solute 


concentration at the interface must occur to reduce the 
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surface to its lowest energy state. The presence of 

the solute molecules causes a disruption of the bonding 
between the solvent molecules. Adsorption of the solute 
on the interface is dependent upon the chemical and 
physical structures of the solute, solvent, and adsorb- 
ent. When the two phases are similar, the interface 

is at a low energy level and requires little adsorption 
to lower it further. Highly dissimilar phases result 
in a high degree of adsorption, because of their high 
energy interfaces. The most effective tension-lowering 


solutes are the previously mentioned surfactants. 
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EXPERIMENTAL EQUIPMENT 


The displacement and saturating apparatus 
schematically diagrammed in Figure 3-1 consists of 


three separate sections: 


1. The displacement apparatus. 
2. The saturating apparatus. 


3. The injection cylinder panel. 


The cylinder panel consists of six 3000 cc high- 
pressure stainless steel cylinders connected such that 
mercury could be injected into the bottom of the cylin- 
ders displacing the stored fluid into either the dis- 
placing or the saturating apparatus. By isolating one- 
half of the panel from the other, it was possible to 
Saturate one core while conducting displacement tests 
on the other core. Due to the high viscosity of Lloyd- 
minster crude, it was necessary to use a hydraulic pump 
CGO ingect it into theso1) storage cylinders =<All lines 
through which oil was passed were 1/4 inch stainless steel 
tubing; all other lines were 1/8 inch stainless steel 
fub ing < 

The saturating apparatus consists of a core 
holder with pressure taps mounted at the Waeeeem and 


downstream ends. Both a manometer and a differential 
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pressure transducer were used to measure differential 


pressure. A Validyne pressure transducer, with an 
accuracy of + 0.025 psi over a range of 5 psi was used. 
It was bridged with a Validyne model CD15 potentiometer 
and read-out on an Advance Digital multimeter. Prior 
to each core saturation the transducer was calibrated 
with the manometer. A vacuum pump, connected to the 
downstream end of the core holder, was used to evacuate 
the core prior to saturation. The "Displacement" appar- 
atus consists of the core holder with pressure taps 
mounted at the upstream and downstream ends. Pressure 
taps were connected to calibrated Heise gauges to 
measure the upstream and downstream pressures. The 
displacement apparatus was enclosed in a constant temp- 
erature air bath, thermostatically controlled to within 
aod bee Bho a ES 

Two high-pressure stainless steel core holders 


were used. Each consisted of a stainless steel tube 


(97.47 cm long, 4.95 cm inside diameter) with two removable 


end plates. The end plates fitted over a 200 mesh 
stainless steel screen which prevented movement of the 
sand and plugging of the inlet or outlet lines. A 
Ruska, constant-rate, two-barrel, mercury-injected pump 
was used to inject mercury into the cylinders. The 
injection rate could be varied from 2.5 cc/hr to a max- 


imum Of 1120 cc/hr using both barrels. The effinuent 
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from the saturating and displacement runs was collected 
in 50 cc centrifuge tubes. An International centrifuge 
was used to break the emulsions produced. The viscos- 
ity measurements were taken with a Cannon-Fenske vis- 
cometer (for opaque liguids) in a constant-temperature 
water bath. Wettability measurements were conducted 
with apparatus similar to that described by Bobek, 
Mattax, and Denekas°. A Lucite Cell (2-inch long, J-inch 
inside diameter) was used to hold the unconsolidated 
sand pack. A Cenco du Noy tensiometer with a platinum 
ring 6 cm in circumference was used for all interfacial 
tension measurements. All tests at elevated tempera- 
tures were conducted in the constant temperature air 
bath. A Rediameter Titrator pH meter with glass elec- 
trodes was used for all pH readings. The pH meter was 
calibrated with a buffer solution standard after each 


measurement. 
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EXPERIMENTAL PROCEDURE 


source and Handling of Materials 


Iwo types of sand were used in this study. A 
Golpher sand for the 1000 series runs to establish model 
scaling properties and a natural Sparky sand from the 
Lloydminster Area for all other runs. 

The Sparky sand used was obtained from a lease 
storage tank, having been produced along with the crude. 
The sand was washed with Varsol until no traces of oil 
were observed. It was then suspended upon a series of 
screens and N-Pentane was allowed to permeate through 
until all discoloration of the effluent N-Pentane dis- 
appeared. The sand was then dried in an oven for 5 to 
12 hours at a temperature of 210° F. A considerable 
amount of large rust flakes were removed from the sand 
by passing the sand through a series of sieves. All 
sand particles smaller than 200 mesh were collected 
and removed before use. 

The Golpher sand, a clean commercial sand, 
similar to Ottawa sand was used without alteration other 
than the sieve removal of particles smaller than 200 


mesh. 


Lloydminster crude oil treated only for removal 
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of water was used for all displacement tests presented 
in this study. An A.S.T.M. standard test for water in 
petroleum by distillation (A.S.T.M. designation D95-62) 
indicated that the oil contained 0.18 percent by volume 
BS&W. The crude oil gravity was found to be 16.1° API 
ee the hydrometer method (A.S.T.M. designation D287-55). 
Viscosity of the crude oil was measured at several 
temperatures uSing a Cannon-Fenske viscometer for 
Opaque liquids following the procedure outlined by 
A.S.T.M. test D4445-60. These properties are summarized 
in Appendix A. 

An aGtiticial ibyine was wsed an all= the orl 
displacement tests. The brine consisted of 88.84 grams 
Of Sodium chipride per litre of distilied water. This 
was the same as the brine used by Saene and Soe) 
It was selected to match the chloride ion concentration 
Of the natural field water. Reagent grade sodium chlor 
ide was used in all brine solutions. As it was pure, 
itedid not aiLtect the pH Gf the distilled water. ‘Com— 
mercial grade salt when added to the distilled water 
changed the pH from 7.6 to 9.4.° Since the pH of the 
effluent from displacement tests was monitored, the use 
of commercial salt would be impractical. (Displacement 
tests using commercial salt showed a marked increase 


in recovery over tests using reagent grade era aais) fe 
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Core Packing 


The core holder with the bottom end plate in pos- 
ition (200 mesh screen in place) was placed in a vertical 
position. Three electric vibrators were strapped in 
place, One at the top, one at the base and one at the 
center of the core holder. The core holder was then 
filled half-full of water and the vibrators turned on. 
The dry sand was poured into the core holder through a 
funnel which regulated the input to approximately 50 cc 
per minute until it became full. The water level was 
kept above the sand level in the core holder at all 
times. Once the core holder was full, it was tapped 
repeatedly using a small hammer until the sand ceased 
to compact. The core holder was then filled to the top 
with sand and the other end plate (with 200 mesh screen) 
attached. With the vibrators operating, water was run 
through the core until no more compaction occurred. At 
each inspection for compaction the core was tapped and 
filled to the top with sand. When no more compaction 
occurred, dry air was passed through the core for 8 to 
12 hours to remove the water. The core holder, full of 
dry sand, was then ready for the displacement test. 
Silica grease was used on the end plate threads to 
prevent any fluid loss. The end plates were tightened 


until the core holder was the same length for all runs. 
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Measurement of Core Properties 


The porosity of the sand packs were measured by 
the material balance method. Vacuum was drawn on the core 
by the pump connected to the outlet end. Brine was 
then injected and the injection pressure monitored 
until an increase was observed. The outlet end of the 
core holder was opened and the effluent brine collected 
in a graduated cylinder. Brine was flowed through the 
core until steady state flow conditions occurred. The 
pore volume of the core was taken to be the difference 
between the amount of brine injected and the amount of 
brine produced from the downstream end. Knowing the 
volume of the core holder, the porosity was calculated. 

The absolute permeability of the sand pack was 
obtained by flowing brine through the core at several 
constant rates and measuring the differential pressure 
across the core. Darcy's linear flow equation was used 
to calculate the permeability. 

After the permeability was measured, the crude 
Ol was injected into the core and the effluent brine 
was measured in graduated cylinders. After breakthrough 
of the oil, the effluent was collected in centrifuge 
tubes, heated and centrifuged to break the oil water 


emulsion. When all traces of water disappeared from 
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the effluent stream, the core was ready for the displace- 
ment test. Initial water saturations and initial oil 
in place were obtained by maintaining a material balance 


on the core during the whole procedure. 


Displacement Test Procedure 


After saturation and measurement of initial prop- 
erties, the sand pack was placed in the constant tempera- 
ture air bath and allowed to acclimatize for 8 to 12 hours. 
The displacement test was then run and the produced 
effluent was collected in 50 ml centrifuge tubes. The 
differential pressure across the core at the end of each 
sampling was tabulated along with the total volume of 
the effluent sample. The sample was heated and centri- 
fuged to break the oil water emulsion, and the oil -and 
water volumes were tabulated. For displacement tests 
requiring pH measurements, the effluent water, after 


separation, was pipetted into a 50 ml beaker and measured. 


Core Handling 


Five 1000 series displacement runs were made on 
the same Golpher sand pack. At the conclusion of each 
runy the core was displaced to its residual water sat- 


uration by running crude oil through until there was 
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no trace of water in the effluent. Runs 2003 and 2004 
were run on the same Sparky sand pack, using the same 
resaturation technique. All other runs were made on 


fresh sand packs. 


Interfacial Tension Measurement Procedure 


Interfacial and surface tensions were measured 
using a Du Noly ring tensiometer. The procedure outlined 
DYP MS .eleMemLest D9 /1=50 was 2Ollowed throughout. al 
surface tensions were measured at room temperature 
(76°F). All crude oil and sodium hydroxide solution 
interfacial tensions were measured at 87°F in the air 
bath. Accurate measurement of tension values less 
than 0.5 dyne/cem were impossible due to the high 
Wiscosity Of the oll. (Unable to observe en exact 


break point.) 
Wettability Measurement Procedure 


Two methods of measuring wettability were used. 


Tone bench test. 


2?) the cell ambibition test. 


The bench test consists of placing a drop of fluid on a 


dry surface and observing the rate of movement into the 


7 7 7 - -_ aa a -_ a _ a 
i _ a” ! Jo 
2a 7 : LC : 


| i bor 8 

baud tins £00S navi jones etait 
mean ote Yeetey rigs) tore hae? dmiae (ss 
no Shah ataw aha ais LEK Si piAtess 
Ae el nd 


sivbene st Jnamssue 23M¢ norane’ 


betwhern auav snolenss ovstaye! Bas ninaaseger 
beniisguo susheootq ScT osama reuse pits ‘yliolt vO 8; 
yA Jontpyeiuth bewellol ‘saw 0€—f72C .2ae7 Mo? By: 
suntasoegney, Hoo? to beilvesen ese anoteaee 
rAl4vilias ahbixoabyd outhes Stan Tro stwss LiA: | PE 

aiw end ue atVR ise bAvuesam-etev Urolersd £ 
e251 eculev molcpned fo Jremetuvesem ejeusae 

dete writ da! geb eia toy otms.ofew a z.0% 
S5E%O 68) 4VEsect ‘to0) E23 6d FO 

| tabog x60 


\ 
Su facord Ba babe! Oh ee ae 


heed’ S3av) 73) Lhdstdow pniszeeash 20 ahem ove 


- 
j 
_ 
» 


J ose rtng: A 
Hast: teh tieht cima Lies 


ae 


a ve pl 20 qua s\pninsig 36 session ip. od 


38 


sand surface and observing the rate of movement into 
the sand with a magnifying glass. If the fluid moved 
quickly into the sand, the sand was said to be wetted 
by that fluid. This test procedure gives a highly 
qualitative measurement of wettability. 

The cell imbibition tests followed procedures 
described by Bobek, Mattax, and Denekaa”. A small 
lucite imbibition cell was packed with sand by vibrat- 
ing the cell until the sand ceased to compact. The 
end plate with a 200 mesh screen was then fastened on, 
and the packed cell weighted. The cell was saturated 
by evacuating it in a vacuum cell, which was then filled 
Wicthesaturating Cluid until the imbibition celie was 
immersed. The imbibition cell was then re-weighed to 
obtain the porosity of the sand pack by weight dif- 
ference. The saturated cell was then placed in the 
imbibition column which was filled to the graduated 
portion of the column, completely immersing the imbibi- 
tion cell with imbibing fluid. The saturating fluid 
displaced by the imbibing fluid was collected and 
measured in the graduated portion of the column. The 
measured displaced fluid was then tabulated along with 


imbibition time. All tests were run at room temperature. 
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MODEL SCALING 


The use of laboratory models to predict per- 
formance of actual reservoirs requires that the physical 
properties of the models are scaled. If the models are 
properly scaled, viscous fingering and capillary end 
effects can be minimized or eliminated. Investigation 
of these scaling problems has resulted in the develop- 
ment of scaling groups by several authors. 

Rapoport and teas used the following scaling 


Pactor tO Study capillary end effects. 


LVH, 5-1 
where: ie = length of the core, cm, 
V = velocity (flow rate/cross-sectional 


area), cm/min, and 


ee injection water viscosity, cp. 


They found that for values greater than 1.0, recovery 
did not change with changes in magnitude of the scaling 
factor. This would indicate that for systems having 
sGCaling factors greater than 1.0, capillary end effects 
are negligible. de Haan’? elaborated on the Rapoport 
and Leas! factor to account.for interfacial tension 


and permeability. de Haan’? proposed the following 


scaling factor. 
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¥VK 
where: i = de Haan scaling coefficient, 
V = velocity (flowrate/cross-sectional 


area), cm/sec, 


ee viscosity of the injected water, cp, 
is = dength of core, ‘cm, 

Y = interfacial tension, dyne/cm, and 

K = absolute permeability, md. 


He stated that for oil-wet or neutral systems there 
would be no viscous fingering for scaling coefficient 
values less than 0.1. (The advance of one portion of 
the flood front ahead of the rest of the front ina 
homogeneous eee due to viscosity differences between 
the displaced and the displacing fluid is called vis- 
cous fingering). 

Chuoke, van Meurs and van der Poel ® also 
developed a scaling factor to test for viscous finger- 
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where: oS =" Critical fingering distance, .cm, 
C = dimensionless, experimental 
COnstant, 
Ovo  +thterfacial tension, dyne/cm 
V = velocity, (flowrate/cross-section 


area), cm/sec, 


K = absolute permeability, cm’, 

Uy = Oil viscosity, poise, 

oe = water Viscosity, poise, and 

h = lateral dimension of core, cm. 


They showed that for scaling factor values area than 
1.0 fingering did not occur since the mean thicknesses of 
the fingers were larger than the diameter of the core. 
EOreauscCalaing actor in the re6ecion Of 1.0;) prolssic 
viscous Fingering o¢Gcurs. “LE the scaling factor values 
are much less than 1.0 minute fingers occur with a mean 
thickness so small that the recoveries are insensitive 
comtinuering. As i liustrotedsin figures lerecoveryers 
sensitive to changes in the scaling factor for scaling 
values approaching 1.0. Recovery changes little when 
tiewscaling @actor:is much greater or much Tessi than 1.0. 
For the core system used in this study a series 


of displacement tests at different injection rates were 


ty joonsdely, paliovsss fogivdao = +o" 
| Nedhemiieque .eretookenemeb 9 


mo\sevb, aotated Ictoeiiera = en? 
sél4ded-eeavsesseveolit) .ysisciay, = y 


oe 4 eeu 


“us \ypltodnenteq sieigeda = x 
aston vytieopsaly ike = “id 
2 @. 
the ,pelod .vo thosety asgew -= lt 
} ,2xoo Lo ferercsmrs. Tauszal, = nt 
kecid Ye@Gerr ‘seule’ totoe" scifete we? ca? Do 
to. peeeGnvidi Aeam 6H#id sonic ~see-to’ Sout BES sortase t os (a 
te 
‘e800 S413.230 SIevegelp .ot. “4 tepazei ctpy . 


SS@ riggs a) OSL Zo 9 vex ore nz sosah% ert itsde a 
| sy 
yeni ey WoSlad CarAesa ers 322 . 238900 mriqepalt eiv . 
pein ill lw cine wheneres aavioitin OFS dort med douan 'e 

1 


ee fas pesca: 828) 2eiieveos: ots yent lishke Ge 


ei-yaevooet I-28 smipht ot istivzegiis af . ited a 
an feSe. 902 <=oS5A2: betlieve sia of eaprate, os wish 
vetw efosil aepasHts vesyvoosr ».0.% pa oso sgge: | 

~0. 1 qeis 226l doun to xsdhe tp copm ah wsort pati 

petits & ybosts’ atts gi Cate See. aie va, 2a r 


oioeRete: noltostaroieted? 15 Ts Liatiad 


42 


LNAIDdIsad5d09 ONITV9S “TV La AYONHD AO NOILONAA V SV AYSA0O90SY JO WVYDVIG G3aZI1V3d! 


(“a= Oma 
—sonipe/ 9 


L 


§ ANSI 


AY¥3SA003d 


: 
5 
| 


run. A summary of displacement test initial properties 
and recoveries is presented in Table B-1. Also included 
in Table B-1 are the values of the Rapoport and Leas, 

de Haan, and Chuoke et al. scaling coefficients for the 
CcOre system at each rate. 

The Rapoport and Leas scaling coefficient was 
plotted as a function of the injection rates used jan 
this study (Figure 5-2). A rate greater than 11.5 cc/hr 
was required to negate capillary end effects. (A rate 
greater than 11.5 cc/hr is required to produce a scaling 
factor value greater than 1.0). 

‘The de Haan and Chuoke et al. scaling coefficients 
were plotted as a function of recovery in Figures 5-3 and 
5-4 respectively. To obtain the Chuoke et al. coeéeffic- 
ijent a value of 250 was used as the dimensionless coef- 
ficient. This value was suggested by Collins: for vis- 
cous crude systems with initial water saturations. 

Except for a small decrease in the breakthrough 
recovery versus the Chuoke et al. coefficient and a 
small increase in the breakthrough recovery versus the 
Ge Haan coefficient, recovery showed no sensitivity to 
“the magnitude of either scaling coefficient. The dut— 
ferences between the breakthrough curves were attributed 
to experimental error. It was difficult to obtain a 
precise breakthrough due to the severe emulsification of 


the water un the oil. 
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Recovery showed no sensitivity to rate as exhib- 
Uted by Figure 5-5. This Wack of sensitivity of recovery 
to rate would indicate that there is little or no viscous 
Fingering at injection rates from 60 cc/hr to 960 cc/hr 
for this system. 

As a result of the above investigation a rate of 
320 cc/hr was selected for all further displacement tests. 
This rate was high enough to satisfy Rapoport and Leas' 
requirement to eliminate capillary end effects (LVu = 
20.45 em-ep/min) . The de Haan coefficient for the system 
ae 3207 cc/hr was 0.22. This 2s slightly larger than the 
critical value 0.1 and introduces the possibility of vis- 
cous fingering according to de Haan. However, the value 
of the’ Chuoke et al. coefficient for this rate was 8.0 


which implies no viscous fingering. 
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EXPERIMENTAL RESULTS 


Sand and Fluid Properties 


The Golpher sand used in this study was a clean, 
coarse grained commercial sand. Its particle size dis- 
tribution is presented in Figure A-1 and Table A-1. 

When packed, it formed an unconsolidated core with a 
porosity of 29 to 32 per cent and a permeability of 
37 darcies. 

The Sparky sand used was obtained from a lease 
tank, having been produced with the oil. This intro- 
duced the possibility that the Beers sand had a higher 
concentration of finer grains and was not equivalent to 
the natural sand. A sieve analysis of the Sparky sand 
is presented in Figure A-2 and Table A-2. The particle 
Size distribution shows a much higher percentage of 
finer grained sand than the natural Sparky sand distrib- 
ution presented by Scote Unconsolidated sand packs 
formed using Sparky sand have porosities of 39 to 43 
percent and permeabilities of 21 to 28 darcies. 

The properties of the Lloydminster crude used 
are presented in Table A-3. Viscosity and density as 
a function of temperature are presented in Figures A-3 


and A-4 respectively. The Lloydminster crude oil had 
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an API gravity of 16.1 degrees and contained 0.18 
percent bottom sediments and water. 

An artificial brine was used in all displacement 
tests. It had viscosities of 0.75 centipoise, 0.81 
Centipoise and 0.99 centipoise at 105°F, 83°F, 76°F respect- 
ively. An analysis of the natural brine is presented 


in Table A-4. 


Interfacial Tension 


Two sets of interfacial tension data were 


obtained. 


1. Lloydminster Crude - Sodium Hydroxide in Brine 


2. Lloydminster Crude - Air (surface tension) 


The Lloydminster crude - sodium hydroxide in 
brine interfacial tensions are presented in Table A-5 and 
Figure 6-1 as a function of sodium hydroxide concentra- 
tion. The addition of sodium hydroxide to the brine 
solution rapidly reduced the interfacial tension with 
the Lloydminster crude. Sodium hydroxide concentrations 
greater than 0.005 percent reduced the measured inter- 
facial tension below 0.5 dyne/cm (the minimum measure- 


ment of the du Noliy tensiometer was 0.5 dyne/cm). 


Lloydminster crude - soldium hydroxide in brine 
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interfacial tension as a function of pH is presented in 
Figure A-5. This curve was obtained by cross plotting 
Figure 6-1 with Figure A-6, a plot of sodium hydroxide 

in brine concentration as a function of pH. At pH values 
greater than 10.9 the interfacial tension was reduced to 


a value below 0.5 dyne/cm. 


Wettability Measurements 


Bench tests were conducted on fresh Sparky sand 
and Sparky sand collected from a core that had been sub- 
jected to a sodium hydroxide displacement test. Brine, 
0.1 percent by weight sodium hydroxide in brine anda 
15 percent by volume Lloydminster crude in Varsol sol- 
ution were used as the eine FiuLds.. 

Brine did not move into the fresh sand at all; 
the sodium hydroxide brine solution did not move into 
the sand any significant amount; however, the crude- 
Varsol solution readily saturated fresh sand. This 
would indicate that the fresh Sparky sand as cleaned 
in this study was preferentially oil-wet. 

The brine solution slowly moved into the sodium 
hydroxide flooded sand; the sodium hydroxide solution 
moved into the sand at approximately the same rate as 


the brine; the crude-Varsol solution moved into the 
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treated sand but less rapidly than it moved into the 
fresh sand. This would indicate the sand had been made 
less oil-wet or possibly neutral by the sodium hydroxide 
displacement test. 

Imbibition tests were conducted on both fresh 
Sparky sand and sand that had been flooded with sodium 
hydroxide. Brine and 0.1 percent by weight sodium 
hydroxide in brine solution were used as the imbibing 
fluid. A 15 percent Lloydminster crude in Varsol sol- 
ution was used as a saturating solution. An attempt 
was made to use natural Lloydminster crude as a satura- 
tang iuld bute no imbibition occurred, probably due £o 
the high viscosity of the crude. 

REEIERE of the imbibition tests are presented 
in Figure 6-2 and Table A-6. Brine would not imbibe 
into panes ae fresh Sparky sand or the sodium hydrox- 
ide treated sand. The 0.1 percent by weight sodium 
hydroxide in brine solution imbibed into both fresh and 
treated Sparky sand. More oil was displaced from the 
sodium hydroxide treated sand than from the fresh sand. 
Both brine curves are similar with most of the imbibi- 
EronOccurringsain the first: thircy minutes of the gtest: 

The results of the bench tests and imbibition 
tests conducted would indicate that the fresh Sparky 


sand was preferentially oil-wet and that contact with 
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sodium hydroxide caused a change in wetting, possibly 


due to a reduction in interfacial tension. 


Core Properties 


A summary of the initial conditions of the core 
used in the displacement tests is presented in Table A-8. 

Although it was believed that high values of por- 
osity and permeability might have been due to poor packing 
of the cores, inspection of the cores after each displace- 
ment test indicated no compaction. A possible explana- 
tion ise that the grain Size was fairdy uniform.» This 
yields a very porous sand pack. 

‘The use of the same core for several displace- 
ment tests without cleaning between runs resulted in an 
increase in the initial water saturation between succes- 
Sive runs. The initial water saturation increased from 
(20 /eoercent:. in the 1001 nun to, 29-41 percent for che 
Is Sea final run on the Golpher sand pack. The same 
behaviour was observed when a Sparky sand core was 
flooded twice (runs 2003 and 2004). The first run had 
an initial water saturation of 7.1 percent, while the 
second run had an initial water saturation of 20.9 
percent. 


Relative permeability calculations were made 
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using the method outlined in Appendix E on the data from 
displacement tests 6, 8 and 9. Results are presented 

in Tables E-1 through E-3 and in Figure E-1. The signif- 
icant shift in the relative permeability curves is ob- 
served between the first and the second runs on core 4 
(runs 2003 and 2004). This shift was attributed to an 
increase in the initial water saturation. 

All subsequent tests were conducted on fresh 
sand packs to obtain uniform initial core properties. 
This was also made necessary by the fact that sodium 
hydroxide used in some of the displacement tests might 


chemically react with the sand changing its properties. 


Displacement Tests 


A summary of the displacement tests is presented 
ineTable C-1. The results of the andividual tests are 
presented in Tables D-i through D-19. 

Displacement tests are divided into four series 


OL runs: 


1. The 1000 series, “Scaling factor runs". 

2. The 2000 series, "base condition runs". 

3. The 3000 series, “sodium hydroxide base condition 
rus. 


4. The 4000 series, "slug injection runs". 
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The scaling factor runs were used to obtain an 
injection rate at which capillary end effects and vis- 
cous fingering would not affect the displacement test 
results. As previously mentioned in the section on 
model scaling, recovery was found to be insensitive to 
rate for the range tested. An injection rate of 320 
ec/hr was selected for all further tests. This rate 
was high enough not to be affected by capillary end 
effects and low enough to inhibit viscous fingering. 

The 2000 series base condition runs consisted of 
four displacement tests conducted to obtain a base 
brine displacement test. All further displacement test 
data would be compared to this base test to evaluate 
the effect of sodium hydroxide concentration and adjust- 
ment ofsslugasize..« Runs.2001, 2002. cand. 2003 were-all 
conducted at the same conditions and produced similar 
results. Recovery at water breakthrough ranged from 
Se56.t0On ld 567. percent.of thes initialsoil in, places At 
0.5 pore volumes injected, recovery ranged from 20.3 to 
26.0 percent of the initial oil in place. Run 2003 was 
selected as the base brine flood as it represented 
an average of this series of displacement tests. 

Run 2004 was conducted to observe if the same 
increase of initial water saturation occurred in Sparky 


sand as that observed in Golpher sand when multiple 
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runs were conducted on the same core. Initial water 
saturation increased from 7.1 to 20.9 percent as prev- 
iously mentioned in the section on core properties. 

Run 2004 was conducted at an injection rate of 480 cc/hr 
to observe if recovery in Sparky sand was rate sensitive. 
No significant differences in results were observed be- 
tween the tests at 480 cc/hr and tests at 320 cc/hr. 

The 3000 series sodium hydroxide base runs were 
conducted to obtain recovery data on displacement tests 
employing different concentrations of sodium hydroxide 
ano brine, as displacing fluid. Concentrationseenas 60, 
0.1, and 0.005 percent by weight sodium hydroxide were 
used. The addition of sodium hydroxide to brine resulted 
in little or no improvement in recoveries for concentra- 
tions of 0.005 percent sodium hydroxide or less. For 
concentrations of 0.1 percent sodium hydroxide a 25.45 
percent recovery at water breakthrough was observed, a 
15 percent increase over that obtained during the base 
brine flood. At 0.5 pore volume injection recovery was 
39.7 percent compared to 23.5 percent for the base brine 
flood. The use of 1.0 percent sodium hydroxide in 
brine solution resulted in no significant improvement in 
recovery compared to the 0.1 percent sodium hydroxide in 
brine flood. The effect of the use of sodium hydroxide 


in brine on recovery is illustrated by Figure 6.3. The 
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majority of the increase due to sodium hydroxide, occur- 
red prior to water breakthrough. A 9.0 percent break- 
through recovery was achieved with 0.005 percent sodium 
hydroxide as compared to 19.9 percent or 22.75 percent 
with 1.0 percent sodium hydroxide and 25.4 percent with 
0.1 percent sodium hydroxide. The amount of subordinate 
recovery after a water-oil-ratio of 5 appears to be the 
same regardless of sodium hydroxide concentration. 

Figure 6-4 illustrates that a minimum sodium 
hydroxide concentration of approximately 0.1 percent is 
required to give any significant increases in recovery. 
Increasing the sodium hydroxide concentration beyond 0.1 
percent did not further increase recoveries. Scott te 
obtained similar results flooding with sodium hydroxide in 
Snort cores. 

Measurement of effluent pH during the displace- 
ment tests showed that the pH was slightly below the 
injection strength at water breakthrough; shortly Seren 
breakthrough the pH rapidly increased to injection 
strength. 

The 4000 series slug injection runs were con- 
ducted to investigate the effect on recovery of adding 
sodium hydroxide to only a portion of the injected fluid. 
Five displacement tests were run using different slug 


sizes of 0.1 percent sodium hydroxide brine. The slugs 
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were pushed through the core by brine injected in the 
same Manner as the sodium hydroxide slugs. 

Figures 6-5 and D-1 illustrate the comparative 
recoveries of the different slug sizes used. Recovery 
tended to increase with slug size up to 325 cc (0.433 
pore volume). The 325 ce (0-433 pore volume), 402 cc 
(0.536 pore volume), and infinite slug sizes seemed 
to produce identical recoveries. A cross plot of 
Figure D-l presented as Figure 6-6 shows recovery as a 
EunGei On wor slug size for three water Bish ratios. The 
optimum slug size, or minimum slug size required to ob- 
tain maximum recovery, is approximately 300 cc (0.4 pore 
volume) for this core system using a sodium hydroxide 
slug concentration of 0.1 percent. Increasing the slug 
Size above 300 cc (0.4 pore volume), as illustrated in 
Figure 6-6, did little to improve recovery. 

The pH of the effluent was monitored for each 
different slug ee (see Figures D-3 through D-7) and 
graphed in Figure 6-7. The profile of the pH curves 
are highly dependent upon slug size. The slugs of 105 ce 
(0.14 pore volume) and 250 cc (0.33 pore volume) had 
similar profiles with a rapid drop in pH after water 
breakthrough, approaching the pH of the brine (7.6). The 
325 cc (0.433 pore volume) and 402 cc (0.536 pore volume) 
slugs hac=similar profiles, with pl increasing to in- 


jection strength (12.0) shortly after breakthrough, 
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then decreasing to the pH of the brine. The 280 cc 
(0.373 pore volume) slug seems to be a combination of 

the two other profiles. For slugs of 105 cc (0.14 pore 
volume), 250 cc (0.33 pore volume), 280 cc (0.373 pore 
volume); sand 325 cc (0.433 nore volume) , increasing the 
slug size tends to increase the magnitude of the effluent 
pH. “increasing the slug size from -325 cc (0.433 pore 
volume) to 402 cc (0.536 pore volume) only resulted in 

an increase in the amount of full strength, unspent 
sodium hydroxide in the effluent. 

Run 4006 was conducted with a 1.0 percent sodium 
hydroxide 105 cc (0.14 pore volume) slug to observe the 
effect on oil recovery of changing slug concentration. 
The use of 1.0 percent sodium hydroxide resulted in 
significantly higher recoveries as illustrated in Figures 
6-8 and D-2. The recovery at water breakthrough of 
i725 percent was similar to the 0.1) percent slug recovery 
at breakthrough of 15.55 percent, recovery at 0.5 pore 
volume injected was 36.0 percent compared to 29.16 per- 
cent for the 0.1 percent sodium hydroxide slug. By 0.8 
pore volume injected the 105 cc (0.14 pore volume) slug 
of 1.0 percent sodium hydroxide had a higher cumulative 


recovery than all the slug sizes less than 325 cc. 
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The pH profile of the effluent during the 105 cc 
(0.14 pore volume) slug runs is presented in Figure 6-9. 
Both the 1.0 percent sodium hydroxide slug and the 0.1 
percent sodium hydroxide slug have similar profiles 
except for the curve shift due to differences in slug 
concentration. The pH decline of the 1.0 percent curve 
was less rapid right after breakthrough but continues 
longer than the 0.1 percent curve. The effect of dif- 
ferent concentrations of sodium hydroxide in the slug 
is illustrated in Figure 6-10. Although the number of 
data points is limited, it appears that recovery at 
breakthrough is not sensitive to slug concentration 
above 0.1 percent sodium hydroxide. Recoveries at 
water-oil ratios of 3.0 and 7.0 increase gradually as 


slug concentration is increased. 
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DISCUSSION 


In previous studies employing sodium hydroxide 
as an additive to increase water flood recovery several 
reasons have been given for increased recovery. Some 


Sennen 0 Ore 


have stated that increased recovery is due 
to a change of wetting caused by chemical reaction at 
the sand surface. This would result in the removal 

from the sand surface of oil that previously would not 


4 
be recovered. Other authors //7>"46 


have suggested in- 
creased recovery was due to the reduction of the oil- 
water interfacial tension, making it easier to push the 
Oil droplets through the constrictions in the pores of 
the porous medium. 

sae, in his study, suggested that an oil- 
water emulsion was formed in the core by the sodium 
hydroxide solution, plugging the path of least resis- 
tance. This would force the displacing fluid into more 
resistant paths that would in turn be plugged by the 
emulsion until all paths are plugged. The emulsion 


would then be pushed through the core, displacing oil 


ahead of it (improved mobility ratio). 


Reisberg et Aiea found that sodium hydroxide 
reacted with the components of Ventura crude to change 


the wetting characteristics of the sand. 
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Both a change in wetting and a reduction of in- 
terfacial tension were observed in this study. The 
Sparky sand used was initially oil-wet according to the 
results of the imbibition and bench tests. Wettability 
tests conducted on the sand after it had been contacted 
by the sodium hydroxide indicated that it had been made 
less oil-wet. The shift in the relative permeability 
(Figure E-2) obtained when sodium hydroxide was used in 
the displacing phase seemed to confirm a wetting change. 

Very low concentrations of sodium hydroxide in 
brine reduced Lloydminster crude - sodium hydroxide in 
brine solution interfacial tension to very low values, 
as illustrated in Table A-5. Concentrations greater 
than 0.005 percent sodium hydroxide in brine resulted 
in interfacial tension values less than the minimum 
measureable value with the du Nouy tensiometer of 0.5 
dyne/cm. 

iti as *pessible* that increased recoveries: are 
due to both a wetting change and a reduction of the 
interfacial tensions. it should be noted that wetta= 
bility and interfacial tension are interrelated and an 
adjustment to one would affect the other. 

Whatever the displacement mechanism may be, it 
is evident that there is a minimum sodium hydroxide 


concentration required in order to increase recovery. 


Yew 


Ww 
-“ 


| a a 
«at 10 noicoubss 4. bas vinta ne "si a i i 


53 


T viirta Site nk Sovaesdo- sein dona tee bs 


Sr; . a “a 7 ger = 
f4 54 pathtosgs 2sv~ 0 [sijsink eel eT we br Be Xx = 
a 
; Je = $ ay 
gi frdas 8s : hus nord beberle. saith een ies 
; — 
+ bearers , : 2 h-«<n BAY a0. beIYOPHASS a 
a - e 7 
% Aw Ad! or ‘ i; ‘ &Bieon fer nikboe #4 
>./ cis , \ 2 “riT 
fap, 4 o£ ‘ r < =1! Ma 4 \< 
any ] 
- t i j - po) >i é 
a LIYE x 1G i Y=e 
7 . TT Be 
° S : A ~ , } Oi08 fy, 
j s mo 9 | ra ieo7 i 
tbita rh add cesti aqgal eauiey ohne Ini ene 
A a alk wee 
2.0 cama! + “dat i , jitiw seiéy otdsemeaee 
7 
1 9 ‘em Lt ~ fn mw tLe eirtt E200 ed. 1" - 
: Ps iz vps F] Ped pe prigtsw & m2 
-fii5W 4&7 haton = 3 la of een ess 
nh 246 Dea “aHdnd ese ocicned tess iil = S varf 
7 . 
tanto ang wee Fa Bap : oe tevin 
_ => 


oberon nabnetite. 3 enanel ened 


ber: vd saad Ber “groom 8 & a. ee 
wit é ; : ew 


uae P 
VOUS’ Beer © Pe zabdse ba baxts os a nobel 
= | ae . 


fox 


If the concentration is less than the minimum required, 
the displacement mechanism is not Significantly activated 
and only minimal increases in recovery are realized. If 
only a portion of the core is contacted by sodium hydrox- 
ide solution with the minimum required concentration then 
increased recoveries are obtained from only that portion 
of the core. 

Tests conducted using sodium hydroxide added to 
the entire injected fluid indicated that an approximate 
Minimum injection concentration of 0.1 Serie by 
weight sodium hydroxide is required for the system used 
in the study. An exact value of the minimum required 
concentration is impossible to obtain due to concentra- 
tion changes after the solution has entered the core. 

The sodium hydroxide injection concentration must be 

high enough to compensate for dilution, reaction losses 
and absorption to allow the whole core to be contacted 

by sodium hydroxide solution with a concentration greater 
than the minimum required. 

Tf sodium hydroxide is added to the entire in= 
jected fluid, as in the 3000 series of runs, maximum 
recoveries will result as long as the injection con- 
centration is higher than the minimum required concen- 
tration. All the reservoir will be contacted by the 


injected fluid with the minimum required concentration. 
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Although the produced effluent at breakthrough 
had a reduced pH due to dilution, adsorption, and 
possibly chemical reaction, the effluent pH increased 
to injection strength when more of the displaced phase 
was produced. Since this indicates that injected fluid 
is passing through the core without loss of sodium 
hydroxide to reaction, dilution and adsorption, it can 
be assumed that no significant amount of unflooded core 
is being contacted. 

The addition of sodium hydroxide to all of the 
injected fluid is unnecessary. A slug of sodium hydrox- 
ide solution displaced through the core by brine, if 
properly designed, would obtain the same increased re- 
covery. 

The slug must contain enough sodium hydroxide 
to provide for all losses in the core from injection to 
production, while maintaining a sodium hydroxide concen- 
tration higher than the minimum required concentration. 
There are two possible methods of achieving this. The 
First is*to inject a large low-concentration Slug; >the 
second is to inject a small high-concentration slug 
(small, high concentration slugs tend to be more sensi- 
tive to fingering and bypassing). In the study, it was 
assumed that the recovery achieved when using an infinite 


slug (sodium hydroxide added to all the injected fluid) 
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of 0.1 percent sodium hydroxide brine solution was the 
maximum recovery possible with sodium hydroxide solutions. 
This recovery was used as a comparison for subsequent 
tests using different slug sizes. 

Pelugs of 7325 ce 0.433 pore volume) and 402 cc 
(0.536 pore volume) of 0.1 percent sodium hydroxide, 
pushed through the core by brine, produced recoveries 
equal corm that of the infinite slug. The 280 ce (0.373 
pore volume) and smaller slugs produced only a portion 
of infinite slug recovery. It can be concluded that for 
this system the optimum 0.1 percent sodium hydroxide 
Slug size is approximately 300 cc (0.40 pore volume) as 
indicated by Figure 6-6. 

Inspection of the effluent pH profile (Figure 
6-7) of the different slug sizes indicates that the best 
recoveries were obtained when the effluent pH approached 
thevinjection pH of 11.98, at or after breakthrough. 
Bom theses cce..(03483 pore volume); 402 cc ((07sS6.pere 
volume) and infinite slug sizes, effluent pH values of 
11.8 or greater were measured. The smaller, less suc- 
cessful,slug sizes had effluent pH values much smaller 
than the injected pH. This would indicate that smaller 
slug sizes were being used up, or dissipated, prior to 
breakthrough. The dissipation of the slug could be due 


to the expected dilution, adsorption and chemical 
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reaction using up the sodium hydroxide at the leading 
edge of the slug. It could also be caused by fingering 
of the pushing brine at the trailing edge of the slug. 

The’ pH profile’ of the 325 .cc (043srporervolume) 
and 402 cc (0.536 pore volume) slugs exhibit low pH 
values at breakthrough which would indicate that the 
Chemical in the leading edge of the slug is being used 
biel 

The slow drop in pH at the trailing edge of the 
Slug might be interpreted as being due to mixing of the 
slug and the pushing brine which is a miscible type of 
displacement (i.e. water displacing water). The fluc- 
tuation of water-oil ratio (Figure D-1) could also be 
attributed to mixing at the trailing edge of the slug. 

It is possible that if mixing by the pushing 
brine was negated, much smaller, more economical slugs 
could achieve maximum recoveries. Mixing at the trail- 
ing edge of the slug could be drastically reduced by 
separating the sodium hydroxide slug and the pushing 
brine with a mobility buffer of polymers similar to 
that used in micellar-slug flooding. 

Results of the use of a 105 cc (0.14 pore volume) 
slug of 1.0 percent sodium hydroxide suggested that 
increasing the slug concentration greatly improved the 


recovery of small slugs. The pH profile (Figure D= 7) 
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indicates that this increased sodium hydroxide concen- 
tration makes it possible for the slug to withstand more 
mixing than the 0.1 percent sodium hydroxide before 
dropping below the minimum required concentration. The 
higher concentration would initially result in sharp 
concentration change in the core which, according to 
Moore et Sees would achieve higher recoveries. 

A calculation was made for an idealized system 
(Appendix F) based on the results of the study to estim- 
ate the increased recovery and the amount of sodium 
hydroxide required for an oilfield scale enhanced 
recovery project. Linear displacement and 100 percent 
volumetric sweep were assumed. It was ecune that, by 
injecting a 0.4 pore volume slug of 0.1 percent sodium 
hydroxide in water, 384,300 barrels could be recovered 
from 40 acres of 10 foot thick Lloydminster-Sparky 
reservoir at a water-oil-ratio of 10. This would 


require 135,235 pounds of sodium hydroxide in a 450,000 


barrel slug. 
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CONCLUSIONS 


The following conclusions are based on the 
results of this experimental investigation of the effects 
of sodium hydroxide slug size and concentration on the 


recovery of viscous crude oil. 


bo) Recoveries of 40-45 percent of the initial o11—in— 
place can be achieved at a water-oil ratio of 10 
when sodium hydroxide in sufficient concentrations 
is injected into a clean, sorted, Sparky sand core 
saturated with Lloydminster crude. A previous in- 


vestigation by Scott’ obtained similar results. 


2. Concentrations of 0.005 percent sodium hydroxide in 
brine will lower Lloydminster crude oil interfacial 
tension, to, less: than 0.5 wdyne/cm. = These sresulcs are 

Al 


; ab ; 
Similar to those obtained by Cooper : and’ Scott in 


previous investigations. 


85) To obtain significant increases in recovery from a 
Lloydminster-Sparky sand type system when flooding 
with sodium hydroxide in brine, concentrations of 
0.1 percent by weight sodium hydroxide are required 


_41 
confirming results previously presented by Scott’. 
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A 0.4 pore volume slug of 0.1 percent by weight sod- 
ium hydroxide in brine followed through the core by 
brine achieves a recovery equivalent to that of an 


infinite slug of 0.1 percent sodium hydroxide. 


Extensive dilution occurs at the trailing edge of 


the sodium hydroxide slug due to mixing. 


Increasing the sodium hydroxide concentrations of 
the smaller slug sizes will result in increased 


recoveries. 


Tests conducted on the Sparky sand used in this study 
indicate that it was preferentially oil-wet confirming 


4 
Similar results presented by S6ore | and Seo te ae. 


Sodium hydroxide, in contact with an oil-wet sand 
system, will cause the sand to become less oil-wet, 


or neutral. 
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RECOMMENDATIONS | 


From the data presented in this thesis the 


following recommendations can be made: 


ive 


A further reduction of the required Slug Sige can 
be achieved 4£ fingering at the trailing edge of 
the sodium hydroxide slug was inhibited. Use of a 
polymer mobility buffer to separate the sodium 


hydroxide and the brine should be investigated. 


Further study should be directed at the possibility 
of increasing recovery by the use of small, high 


concentration slugs of sodium hydroxide. 


As viscous fingering is a function of the velocity at 


which one fluid displaces another, it is possible 
that lower injection rates would reduce the amount 
Olemixing at the trailing edge of the stud. ine 
effects of various injection rates on mixing of the 
brine into the sodium hydroxide slugs should also 
be investigated. It should be noted that actual 
reservoir velocities are low and decrease with 


distance from the injection well. 
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More knowledge of the actual microscopic effects of 
injecting sodium hydroxide into a porous medium 
saturated with viscous crude oil would be invaluable. 
To properly design a sodium hydroxide recovery 
process the displacement mechanism and its effects on 


the fluid properties must be known. 


In order for sodium hydroxide to be used as a 
reservoir recovery process, further investigation 
of the interaction between the sodium hydroxide 

and natural field water should be condicted. Prev- 
ious investigators have indicated that mixing of 
sodium hydroxide with field water has resulted in 


formation of a precipitate. 


The use of sodium hydroxide causes the production to 
be in the form of an emulsion and further studies 
should be conducted on emulsions and methods of break- 
ing emulsions. In this study, sodium hydroxide injec- 


tion was treated as a primary recovery process. 


Further tests should be conducted on flooded-out 
cores to observe if sodium hydroxide injection is 


applicable as a secondary recovery process. 
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APPENDIX A 


PHYSIGAM PROPERTIES OF THE ROCKS AND FLUIDS 
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TABLE A-3 


Viscosity of Lloydminster Crude 


Density of Lloydminster Crude 


Viscosity, Cp 


1780.95 
932002 
239.86 


96.46 


Density, gm/cc 


0.9560 
0.9495 
0.9356 


0.9115 
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TABLE A-4 


Chemical Water Analysis 


Lloydminster (Sparky Pool) 


Conductivity-----------— 87,000 ppm 
Total Solids----------- 73,936 ppm 
SR eg eee 9,850 ppm 
Gilotides=—————— == —— 44,400 ppm 
vice dee) ee 40 ppm 


Bicarbonate of Calcium and Magnesium 


PONS aaa aoa 18.25 ppm 
Sete BUS eee 2,640.0 ppm 
WIG ES RUN 1,150.0 ppm 
Sodium-------~----—-=—-23 , 000 ppm 
OES RE arte 1,100 ppm 
(G0 0G 0S See SS 0.08 ppm 
TAD Oe Neon wena sa ty aman 0.10 ppm 
Manganese —— = 0.4 even 
S)G NB SO ai 4.0 ppm 
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TABLE A-5 


Interfacial Tension 


T= 76 F 
Concentration Sodium Hydroxide Interfacial Tension 
ee Percent by weight) (dyne/cm) 
ee) 0.5 
On Os) 
ie k 0.5 
0.05 0.5 
0.01 0.5 
0.005 O26 
0.001 3.6 
0.000 (Brine) 16.5 
Surface Tension 
i= 76). 
Brine 76.6 dyne/cm 


Lloydminster Crude Oil 28.1 dyne/cm 
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TABLE A-6 


Wettability Measurements 


Bench Test 


Rate of Movement Into 


Sand Fluid Sand 

Fresh Sparky Brine : Nil 
Varsol-Crude Spontaneous 
Sodium Hydroxide- Nil 
Brine 

Sodium Hydroxide. Brine Slow 

Contacted Sparky 

Sand Varsol-Crude Rapid 
Sodium Hydroxide- Rapid 
Brine 


Imbibition Test 1 


Saturating Fluid = 15 percent Lloydminster Crude in Varsol. 


Sand = Fresh Sparky Sand. 
Imbibing Fluid = Brine. 
Time, Min. Total Imbibition, cc 
0 0.0 
5 0.0 
10 0.0 
30 0.0 
60 0.0 
240 0.0 


600 0.0 
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imbibition Test 2 


Saturating Fluid 15 percent Lloydminster Crude in Varsol. 


Sand = Fresh Sparky Sand. 
Imbibing Fluid = 0.1 percent by Weight Sodium Hydroxide in Brine. 
Tine, Mins [otal imbibition, cc. _ 
0 0.0 
5 0.3 
10 Os5 
30 OF75 
60 0.8 
240 GES 
600 0.8 


Imbibition Test 3 


Saturating Fluid = 15 percent Lloydminster Crude in Varsol. 


Sand = Sparky Sand Treated with Sodium Hydroxide 
Imbibing Brine = Brine. 
Time Min. Total Imbibition cc 
0 0.0 
5) 0.0 
10 0.0 
30 0.0 
60 0.0 
240 0.0 


600 0.0 
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Imbibition Test 4 


Saturating Fluid = 15.percent Lloydminster Crude in Varsol. 


Sand = opariy Sand Treated with Sodium Hydroxide 
Imbibing Fluid = 0.1 percent by Weight Sodium Hydroxide in Brine. 
Time, Min. fotal imbibition, cc 
0 : 0.0 
5 0.4 
10 0.65 
30 1505 
60 10> 
240 deen 
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TABLE A-7 


pH as a Function of Sodium Hydroxide Concentration 


Sodium Hydroxide Concentration, 


weight percent pH 
peae) b2005 
0). 12.45 
Bigat Hee) 
0.05 11.80 
Orel 1 Aa 
0.005 10390 


Temperature 76°F 
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CUMULATIVE MASS FRACTIONAL FLOW THROUGH SCREEN 
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FIGURE A—1 PARTICLE SIZE DISTRIBUTION OF GOLPHER SANDS 
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CUMULATIVE MASS FRACTIONAL FLOW THROUGH SCREEN 
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FIGURE A-2 PARTICLE SIZE DISTRIBUTION OF SPARKY SAND 
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FIGURE A-—3 DENSITY OF LLOYDMINSTER CRUDE AS 
A FUNCTION OF TEMPERATURE 
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FIGURE A—4 VISCOSITY OF LLOYDMINSTER CRUDE AS 
A FUNCTION CF TEMPERATURE 
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APPENDIX B 


SUMMARY OF THE SCALING COEFFICIENTS 
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APPENDIX C 
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LIST OF SYMBOLS USED IN TABLE D 


DWP Water produced during time step 
WP Cumulative produced water 

DNP Oil produced during time step 
NP Cumulative oil produced 

PIOP Percent initial oil-in-place 


WIMCC) Cumulative water injected 
(cubic centimeters) 


WI (PV) Cumulative water injected 
(pore volumes) 


DP (PST) Differential pressure across 
core (PSI) 

PV Pore volume 

IOIP Initial oil-in-place 

SWI Initial water saturation 

RAK Not measurable 
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RELATIVE PERMEABILITY CALCULATIONS 


The Welge 


equation was used 


integration of the Buckley Leveritt 


to calculate the relative permeabilities 


10 


from displacement data as suggested by Collins. 


where: 
ie viscosity of wetting phase, cp, 
ne viscosity of non-wetting phase, cp, 
Kk = petmeabz lacy Of wetting spiase, md: 
ae = permeability of non-wetting phase, md, 
oe non-wetting phase fractional flow, and 
ro = wetting phase fractional flow, 


The saturation corresponding to this ratio is the 
instantaneous value at the outflow phase. This saturation 
is calculated at the middle of the production interval by 


the use of Equations E-2 and E-3. 
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Woot N= 2 (NS AW) 
de ps ee aco FE i= 
Where: 
oon = average water saturation, 
nr = cumulative.o1l production» cc, 
ane = 011 production during time step, cc, 
oa = initial water saturation 
[EW = core pore volume, cc, 
Sd = average water saturation in middle of time 
step 
fo = fractional Clow, O21 
Wp = cumulative water production, cc, 
AW, = water production during time step, cc, 


Results of the relative permeability calculations 


are presented in Table E-1 to E-3. 
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FIGURE E-1 THE EFFECT ON RELATIVE PERMEABILITY OF MULTIPLE 
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O 13 0.1 
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FIGURE E—2 THE EFFECT OF SODIUM HYDROXIDE ON 
RELATIVE PERMEABILITY 
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APPENDIX F 


APPLICATION OF EXPERIMENTAL RESULTS 


TO AN IDEALIZED FIELD CASE 
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IDEALIZED OIL FIELD PROJECT 


Initial Conditions 


g = 402 h = = 10 feet 
Area = 40 = 

acres eee 10 percent 
Boi 25 aon = 10859 


*0.1 percent by weight sodium 


ee hydroxide. 
pee UE Ube eas at ols 
lay 
ol 
Ney io (edness CON CLO: 
ars) 
Ne=389'3,721--ST Bols. 


Linear Laboratory Model 


Initial Oil-In-Place (iO) Mele: 
Slug Size S002cc 
Concentration Sodium 
Hydroxide | 0.1 percent by weight 
Recovery at W.O.R. of 10 433 O05 L.0 51.2. 


Oil Recovered 
Sodium Hydroxide Injected 


i 


Recovery Factor 


rs = 750ce¢ (0.43) = 990 cc oil 
Recovery Factor = 399¢6(0.001) (1.0839) am sodium 
hydroxide 


Recovery Factor = 2:519 Bbls. Oil/lb. Sodium Hydroxide 
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Conventional Water Flood Recovery 


Recovery of L.O.1.P. 


(At W.O.R. = 10) 


10% 


SUG aa) omc wel 89,3/2 eT Bois: 


Sodium Hydroxide Slug Field Project Recovery (assume 


linear flow, 50% volumetric sweep) 


SHES Fy C/ Palla AOU 8G pied és te 


192,150 STE 


Sodium Hydroxide Required 


O21 07 26 LS Gi] 7 Olai mel Sr 


Increased Recovery Using Sodium Hydroxide 


EO 2 tL SO Boot oe Os eh om 


Slug Volume Required 


225,000 Bbls. water 


Tdealized Injection Rates 


a S 


1,000 Bbls. water per day 


Time Required to Inject Slug 


225,000 


T, 000 = +225 days 


Economic Estimate 


Sodium Hydroxide cost (S0¢/1b.)) 67,6007 Los = 20, 809 
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